INTRODUCTION
Exogenous enzymes have been used extensively to remove anti-nutritional factors from 7 feeds, to increase the digestibility of existing nutrients, and to supplement the activity of the 8 endogenous enzymes of poultry (Classen et al., 1991; Bedford, 1993) . Researchers in the 9 1960s examined the use of exogenous enzymes in ruminants (Burroughs et al., 1960; Rovics 10 and Ely, 1962; Rust et al., 1965) , but responses were variable and no effort was made to 11 determine the mode of action of these products. Furthermore, production of exogenous 12 enzymes was expensive at the time and it was not economically feasible to apply these 13 preparations at the concentrations necessary to elicit a positive animal response. Recent 14 reductions in fermentation costs, together with more active and better defined enzyme 15 preparations, have prompted researchers to re-examine the role of exogenous enzymes in 16 ruminant production (Chen et al., 1995; Beauchemin et al., 1997; McAllister et al., 1998) . 17 Several studies have attempted to define possible modes of action of these additives (Judkins 18 and Stobart, 1988; Feng et al., 1996; Hristov et al., 1998a,b; Yang et al., 1998a) . Exogenous 19 enzymes could exert a number of effects, both on the gastrointestinal microflora and on the 20 ruminant animal itself. It is highly probable, therefore, that physiological responses to 21 exogenous enzymes are multi-factorial in origin. 22 This review will summarize production responses to supplementary exogenous enzymes 23 obtained to date in ruminants. Possible mechanisms by which these products may improve 24 nutrient utilization by ruminants will be discussed and suggestions will be made with regard to 25 2 strategies that may further enhance the efficacy of these products for ruminants. 1 
Sources of Enzymes

2
Although enzyme products marketed for livestock number in the hundreds, they are derived 3 primarily from only four bacterial (Bacillus subtilis, Lactobacillus acidophilus, L. plantarum, and 4 Streptococcus faecium, spp.) and three fungal (Aspergillus oryzae, Trichoderma reesei, and 5 Saccharomyces cerevisiae) species (Muirhead, 1996) . Moreover, it is unlikely that this list of 6 source organisms will expand substantially, given that no petition to the Food and Drug 7 Administration to add a new organism has been successful (Pendleton, 1996) . 8 Enzymes are naturally occurring biocatalysts produced by living cells to bring about 9 specific biochemical reactions. In the context of feed additives for ruminants, enzymes are 10 employed to catalyze the degradative reactions by which substrates (i.e., feedstuffs) are 11 digested into their chemical components (e.g., simple sugars, amino acids, fatty acids). These 12 are in turn used for cell growth, either by ruminal microorganisms or by the host animal. 13 Complete digestion of complex feeds such as hay or grain requires literally hundreds of 14 enzymes. Enzyme preparations for ruminants are marketed primarily on the basis of their 15 capacity to degrade plant cell walls and as such, are often referred to as cellulases or 16 xylanases. However, none of these commercial products are preparations of single enzymes; 17 secondary enzyme activities such as amylases, proteases, or pectinases are invariably present. 18 Degradation of cellulose and hemicellulose alone requires a number of enzymes, and 19 differences in the relative proportions and activities of these individual enzymes impacts the 20 efficacy of cell wall degradation by the marketed products. Even within a single microbial 21 species, the types and activity of enzymes produced can vary widely depending on the strain 22 selected and the growth substrate and culture conditions employed (Considine and Coughlan, 23 1989; Gashe, 1992). 24 3 The diversity of enzyme activities present in commercially available enzyme preparations 1 is advantageous, in that a wide variety of substrates can be targeted by a single product, but it 2 presents problems in terms of quality control and extrapolation of research findings among 3 different preparations. For ruminants, enzyme products are usually standardized by blending 4 crude enzyme extracts to obtain specified levels of one or two defined enzyme activities, such 5 as xylanase and/or cellulase. These products are not currently standardized for secondary 6 activities. In fact, these activities, which may well be affecting the overall effectiveness of a 7 given product, are seldom even measured. 8 9 Enzyme activity is assayed by measuring over time either the disappearance of a defined 10 substrate or the generation of a product from the biochemical reaction catalyzed by the enzyme. 11 Activities of enzymes for use in the feed industry are most commonly measured using the latter 12 approach, and are expressed as the amount of product produced per unit time. These 13 measurements must be conducted under conditions closely defined with respect to temperature, 14 pH, ionic strength, substrate concentration, and substrate type, as all of these factors can affect 15 the activity of an enzyme (Headon, 1993) . For example, the relative ranking of cellulase activity 16 of three enzyme preparations differs depending on the test substrate (cellulose, 17 carboxymethylcellulose (CMC) or β-glucan) selected for analysis (Table 1) . Furthermore, 18 release of reducing sugars from CMC or xylan is not directly proportional to enzyme 19 concentration. Consequently, the ratio of enzyme to substrate will affect enzyme activity 20 estimates (Figure 1 , Hristov and McAllister, unpublished data). 21 Enzyme activity can also be assessed using synthetic substrates, which usually consist of 22 chromophores linked to molecules chemically similar to the natural substrate. Enzyme activity 23 is measured as the release of the dye or chromophore (Biely et al., 1985) . These synthetic 24 4 substrates offer uniformity among assays, but are subject to criticism in that they do not 1 represent the substrate found in intact feeds such as cereal grains or forages. Furthermore, the 2 assays used to assess enzyme activity are not representative of the conditions in the digestive 3 tract where ultimately the level and persistence of enzyme activity may be most important. For 4 these reasons, measurement of enzyme activity using traditional assay techniques may have 5 little relevance to the potential efficacy of an enzyme as a feed additive for ruminants. 6 Researchers have attempted to develop biological assays that may be more indicative of 7 the value of a given enzyme preparation for ruminants. These methods usually involve in vitro 8 incubation of enzyme and feed with ruminal contents, and measurement of the disappearance 9 of substrates (e.g., cereal grain, straw, hay) representative of those consumed by the animal 10 (Forwood et al., 1990; Varel et al., 1993; Hristov et al., 1996b; 1998a) . Alternatively, the amount 11 of gas produced by the mixed culture can be used as an indication of digestion (Iwaasa et al., 12 1998), which enables rapid screening of different enzyme products and application rates. 13 These procedures may provide valuable information on the extent to which exogenous enzymes 14 complement the digestive activity of ruminal microorganisms. However, extrapolation of 15 information from these procedures to whole animal situations is limited (i) by variations in 16 microbial composition among inocula from different donor animals; (ii) by differences in growth 17 of microbial populations in the in vitro system versus in the rumen and (iii) by artifactual 18 accumulation of end products that alter enzyme activity. Additionally, these assays do not 19 consider the possible impact of exogenous enzymes on biological parameters such as feed 20 intake, rate of passage or post-ruminal digestion of nutrients. 21 Because viscosity of intestinal digesta is closely correlated with growth and feed efficiency 22 in poultry, viscosity measurements have been used as a standard for assessing the biological 23 value of exogenous carbohydrases for poultry (Sabatier and Fish, 1996) . For ruminants, 24 however, the value of enzymes can presently be assessed only through expensive and time 25 5 consuming production experiments with beef or dairy cattle, which makes screening large 1 numbers of products impractical. This lack of an adequate bioassay for assessing the value of 2 exogenous enzymes is perhaps the greatest impediment to the development of more efficacious 3 enzyme products for ruminants. 4 Production responses to exogenous enzymes 5 
Measurement of enzyme activity
Beef Cattle
6
Evidence that exogenous enzymes could improve average daily gain and feed efficiency in beef 7 cattle was first recorded in a series of ten feeding trials reported almost 40 years ago 8 (Burroughs et al., 1960) . When given diets of ground ear corn, oat silage, corn silage or alfalfa 9 hay treated with an enzyme cocktail containing amylolytic, proteolytic and cellulolytic activities 10 (Agrozyme®, Merck Sharp and Dohme Research Laboratories), cattle gained 6.8 to 24.0% 11 more and exhibited feed efficiencies improved by 6.0 to 21.2%, relative to cattle fed untreated 12 control diets. In the same year, four different enzyme preparations (Agrozyme®, Zymo-Pabst®, 13 Rhozyme®, and Takamine®; Merck and Company, Rahway, NJ), given in combination with 14 diethylstilbesterol, were shown to increase gain by cattle fed a corn-alfalfa hay diet by an 15 average of 14.0% (Nelson and Damon, 1960) . 16 Further studies confirmed that enzyme supplements could improve average daily gain 17 (ADG) and feed efficiency in cattle fed high silage diets (Rovics and Ely, 1962) , but not all 18 responses by feedlot cattle to enzyme supplementation were positive. Leatherwood et al. 19 (1960) added a fungal enzyme (Enzyme 19AP®, Rohm and Hass Co.) to a grain supplement for 20 calves fed an alfalfa hay-based diet and found no improvement in the ADG or feed efficiency of 21 the calves. Two enzyme preparations containing primarily amylase and protease activities also 22 failed to increase ADG by cattle given a diet comprising 80% concentrate and 20% chopped 23 alfalfa hay (Clark et al., 1961) . In a separate study, Agrozyme® even reduced the ADG of 24 6 cattle by 20.4% when it was fed with a corn carrier to beef cattle given a corn silage diet (Perry 1 et al., 1960) . Similarly, Kercher (1960) found that ADG was reduced when Zymo-Pabst® was 2 fed with a corn carrier to cattle given a diet of steam-rolled barley, alfalfa hay and corn silage. 3 Perry et al. (1966) attributed an 18.2% decline in ADG observed in cattle fed Agrozyme® with 4 corn cob diets to a 6.8% reduction in feed intake, because the enzyme had been shown to 5 enhance fiber digestibility in metabolism experiments. 6 Although these early studies provided valuable information on the potential benefits of ) of a mixture of xylanase and cellulase 15 products (Xylanase B, Biovance Technologies Inc., Omaha, NE) and cellulase (Spezyme CP®, 16 Genencor, Rochester, NY) increased ADG of steers fed alfalfa hay or timothy hay cubes by 30 17 and 36%, respectively, but had no effect on ADG when applied to barley silage (Beauchemin et 18 al., 1995) . When this same mixture was applied to a 95% grain diet, feed efficiency of cattle fed cattle by 10 and 7.5%, respectively (Weichenthal et al., 1996) . The efficacy of this enzyme was apparently dependent upon the method 4 of its application, as spraying the enzyme onto the total mixed ration did not affect milk 5 production, whereas applying it onto the concentrate achieved the increase (4 kg d ). It is obvious that many factors may influence enzyme efficacy in ruminants. Therefore, 6 an understanding of the modes of action by which enzymes improve nutrient utilization in 7 ruminants is key to obtaining consistent positive responses to exogenous enzymes over a broad 8 range of diets and animal types.
9
Modes of Action
10
Upon initial consideration, exogenous enzymes might be expected to alter feed utilization in 2C). They may also supplement enzyme activity in the feces, thereby contributing by 23 accelerating decomposition of waste ( Figure 2D ). Ultimately, the goal of enzyme 24 supplementation is to improve the efficiency of feed utilization in ruminants and reduce waste 1 production. Undoubtedly, the mode of action of exogenous enzymes in ruminants is 2 exceedingly complex and continues to be a major focus of the research presently being 3 conducted with these additives. 4 Preconsumption effects 5 There is ample evidence that exogenous enzymes can release reducing sugars from feedstuffs The fact that exogenous enzymes remain active in the rumen raises the possibility that 7 they may improve digestion through the direct hydrolysis of ingested feed. and Kreikemeier, 1994) studies conducted using cattle with ruminal and duodenal cannulae. 13 Although adding exogenous enzymes may increase the activity of xylanases and cellulases in 14 ruminal fluid, enzyme activity in the fluid usually represents less than 30% of the total enzyme 15 activity in the rumen, the remainder being associated with the feed particles (Minato et al., 1966; 16 Brock et al., 1982). For example, applying fibrolytic enzymes to a grass hay diet for sheep prior 17 to consumption increased endoglucanse activity and xylanase activity in ruminal fluid, but this 18 activity accounted for only 0.5% of the total endoglucanase activity in the rumen ( Limitations to plant cell wall digestion in the rumen could result from insufficient quantities or 4 types of enzyme production by the ruminal microbes, from an inability of degradative enzyme(s) 5 to interact with the target substrates, or from conditions in the rumen not being optimal for 6 enzyme activity (e.g., low ruminal pH). At least 21 different enzymatic activities have been 7 identified as being involved in the hydrolysis of the structural polysaccharides of the plant cell 8 wall, all of which are produed by a normally functioning ruminal microflora (White et al., 1993) . 9 Researchers have shown that extracts from Aspergillus oryzae can increase the number of 10 ruminal bacteria (Newbold et al., 1992a,b) and can work synergistically with extracts from 11 ruminal microorganisms to enhance release of soluble sugars from hay (Newbold, 1995 extent to which Trichoderma longibrachiatum enzymes enhanced gas production was shown to 17 increase as the pH declined from 6.5 to 5.5 (Table 4 ; Morgavi et al., unpublished data). Further, 18 although a decline in pH from 6.5 to 5.5 reduced DM disappearance from corn silage in mixed 19 ruminal cultures supplemented with T. longibrachiatum enzymes, the negative effect of low pH 20 on DM disappearance was more pronounced in the absence of added enzyme (Table 4) . 21 Ruminal pH can be below 6.0 for a significant portion of the day in dairy cattle (Nocek, 1998 1998a,b,1999). This phenomenon was particularly evident with xylanase activity.
11
Supplementary enzymes increased duodenal xylanase activity by 30% (Hristov et al., 1998a) . 12 In the same study, enzyme supplementation increased cellulase activity at the small intestine by 13 only 2 to 5%, because the enzymes were largely inactivated by the low pH and pepsin in the In studies with dairy cows fed barley grain diets, improvements in total tract digestion 18 were attributed primarily to an improvement in the digestibility of fiber and starch in the lower nitrogen balance benefits to the animal that would not be accessible if these substrates 22 remained undigested or were fermented by microbial populations residing in the large intestine. 23 It is possible that exogenous enzymes work synergistically with the microbes even in the large 24 intestine, given that we have determined xylanase activity in the feces to increase linearly with 25 increasing levels of enzyme supplementation ( Steps toward improving exogenous enzymes for ruminants 4 Match the enzyme to the feed 5 Not all exogenous enzymes are equally effective at digesting complex substrates such as alfalfa 6 and barley grain (Table 6 ). Feedstuffs are exceedingly complex structurally, and our lack of 7 knowledge of the factors that limit the rate and extent of feed digestion impedes our engineering 8 of enzyme preparations designed to overcome constraints to feed digestion. With some feeds, 9 specific targets can be identified. In corn, for example, the protein matrix surrounding the starch dictates the extent of grain digestion (Wang et al., 1998) . Enzyme preparations that digest the 18 structural components limiting the extent of feed digestion in the rumen would be expected to be 19 more efficacious than preparations that just increase the rate of feed degradation in the rumen. 20 Many enzyme preparations are currently in use, with no attempt being made to define the types 21 or activities of the enzymes they contain. Such random employment of enzymes on feeds, 22 without consideration for specific substrate targets, will only discourage or delay adoption of 23 exogenous enzymes for more standard use in the animal production industry. Ultimately, 24 20 enzyme cocktails should be designed specifically to overcome the constraints limiting digestion 1 of a particular type of feed. Component enzymes in such cocktails might vary even for a given 2 forage, targeting particular maturity levels and structural barriers. Recent developments in 3 biotechnology make it feasible to engineer such enzyme cocktails containing xylanase and β-4 glucanase activities, but we presently lack the technology for specific production of many other 5 potentially important enzymes (e.g., cutinase, ferulic acid esterase, acetylxylan esterase, 6 arabinofuranosidase).
7
Lower enzyme cost 8 Once the mechanisms of action and specific targets for degradative exogenous enzymes have 9 been identified, steps can be taken to optimize the application of these preparations. 10 Application concentrations can be minimized by ensuring that the preparations contain the 11 enzyme activities most likely to elicit an improvement in feed utilization. In some instances, the 12 activity of crude enzyme preparations may be increased by including specific enzymes most 13 likely to overcome the constraints to feed digestion. Recently, application of recombinant DNA 14 technology has enabled manufacturers to increase the volume and efficiency of enzyme 15 production, and to create new products (Ward and Conneely, 1993; Hodgson, 1994) . Genes (Table 7) . The line exhibiting the highest 24 21 expression levels is now being evaluated in diets for poultry. It is possible that similar 1 technologies (e.g., grasses expressing cutinase, esterase) may have applications in ruminant 2 production.
3
Conclusion
4
The use of feed enzymes in the monogastric animal production industry has increased 5 dramatically in recent years and numerous commercial products are presently being marketed. 6 In many instances, the mechanisms and modes of action of these preparations have been ruminants. There is evidence that exogenous enzymes initiate digestion of feeds prior to 13 consumption and that they can improve feed digestion in the rumen and lower digestive tract. 14 The challenge for researchers is to determine the modes of action, singly or in combination, that 15 enable exogenous enzymes to improve feed efficiency and increase growth and milk 16 production.
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